It is known that insulin resistance and type 2 diabetes mellitus are associated with increased fractures and that brown adipose tissue (BAT) counteracts many if not all of the symptoms associated with type 2 diabetes. By the use of FoxC2 AD ϩ/Tg mice, a well-established model for induction of BAT, or beige fat, we present data extending the beneficial action of beige fat to also include a positive effect on bone. FoxC2 AD ϩ/Tg mice are lean and insulin-sensitive and have high bone mass due to increased bone formation associated with high bone turnover. Inducible BAT is linked to activation of endosteal osteoblasts whereas osteocytes have decreased expression of the Sost transcript encoding sclerostin and elevated expression of Rankl. Conditioned media (CM) collected from forkhead box c2 (FOXC2)-induced beige adipocytes activated the osteoblast phenotype and increased levels of phospho-AKT and ␤-catenin in recipient cells. In osteocytes, the same media decreased Sost expression. Immunodepletion of CM with antibodies against wingless related MMTV integration site 10b (WNT10b) and insulin-like growth factor binding protein 2 (IGFBP2) resulted in the loss of pro-osteoblastic activity, and the loss of increase in the levels of phospho-AKT and ␤-catenin. Conversely, CM derived from cells overexpressing IGFBP2 or WNT10b restored osteoblastic activity in recipient cells. In conclusion, beige fat secretes endocrine/paracrine activity that is beneficial for the skeleton. (Endocrinology 154: 2687-2701, 2013) R ecent advances in the characterization of brown adipose tissue (BAT) function in postnatal life suggest that, besides its role in nonshivering thermogenesis and energy dissipation, BAT is essential for the determination of insulin sensitivity and regulation of energy metabolism (1, 2). Genetic ablation of BAT in rodents results in dietinduced obesity, diabetes, and hyperlipidemia (3). Uncoupling protein 1 (UCP1) deficiency renders animals sensitive to cold and increases their susceptibility to dietinduced obesity with aging (4, 5). In humans, BAT activity correlates negatively with impairment in energy metabolism seen with aging, diabetes, and obesity (6). These conditions are associated with a decrease in bone mass, an increase of fat volume in bone marrow cavity, and an increase in fractures (reviewed in Ref. 7). In contrast, high BAT activity in healthy young women correlates positively with high bone mineral density (8), and there is a positive association between BAT volume, the amount of bone, and cross-sectional size of the femur in children and adolescents (9). In addition, the bone mass in women recovering from wasting diseases such as anorexia nervosa is higher in those who possess cold-
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ecent advances in the characterization of brown adipose tissue (BAT) function in postnatal life suggest that, besides its role in nonshivering thermogenesis and energy dissipation, BAT is essential for the determination of insulin sensitivity and regulation of energy metabolism (1, 2) . Genetic ablation of BAT in rodents results in dietinduced obesity, diabetes, and hyperlipidemia (3) . Uncoupling protein 1 (UCP1) deficiency renders animals sensitive to cold and increases their susceptibility to dietinduced obesity with aging (4, 5) . In humans, BAT activity correlates negatively with impairment in energy metabolism seen with aging, diabetes, and obesity (6) . These conditions are associated with a decrease in bone mass, an increase of fat volume in bone marrow cavity, and an increase in fractures (reviewed in Ref. 7) . In contrast, high BAT activity in healthy young women correlates positively with high bone mineral density (8) , and there is a positive association between BAT volume, the amount of bone, and cross-sectional size of the femur in children and adolescents (9) . In addition, the bone mass in women recovering from wasting diseases such as anorexia nervosa is higher in those who possess cold-induced BAT foci as compared with those who lost BAT function (10) .
These observations suggest that energy metabolism regulates bone turnover. Indeed, bone homeostasis and remodeling are closely linked to the osteoblastic response to insulin (11, 12) . Insulin induces osteoblastogenesis and receptor activator of nuclear factor kappa-B ligand (RANKL) production leading to high bone mass, which is associated with increased bone turnover (11, 12) . In contrast, conditions of insufficient insulin signaling due to either deficiency in insulin production in type 1 diabetes or resistance to insulin in type 2 diabetes are associated with low bone turnover and correlate with high levels of circulating sclerostin, a negative regulator of bone remodeling, and low numbers of circulating osteoprogenitors (13) (14) (15) (16) .
It has been recognized that BAT may come from 2 different origins. The classical preformed BAT originates from Myf5-positive dermomyotomal progenitors, which also give rise to skin and muscle and function in nonshivering thermogenesis (17) . In contrast, the Myf5-negative progenitors can differentiate to white adipocytes with function in energy storage or to beige adipocytes, which have characteristics of both brown and white fat cells (18) . The BAT-like phenotype can be induced in white adipose tissue (WAT)-type adipocytes by several mechanisms comprising either endocrine action of fibroblast growth factor 21 (19) or irisin (20) or action of transcriptional regulators including forkhead box c2 (FOXC2) (21) and PR domain-containing protein 16 (22) and, as shown recently, SirT1-mediated deacetylation of peroxisome proliferator-activated receptor gamma (23) .
Bone marrow adipose tissue (BMAT) represents another type of fat that plays an important role in modulation of marrow environment supporting bone remodeling. BMAT volume increases with aging, estrogen deficiency, diabetes, and anorexia nervosa, and this expansion correlates with a decrease in bone mass and increase in fractures (reviewed in Ref. 7) . Interestingly, the metabolic profile of BMAT has both WAT and BAT characteristics in respect to the expression of gene markers and its function (24) . BAT-like features of BMAT are compromised with aging and in diabetes, suggesting a positive correlation between the BAT-like metabolic profile of BMAT and bone mass (24) .
The transcription factor FOXC2 promotes brown fat development by sensitizing cells to the ␤-adrenergic cAMP-protein kinase A pathway and by regulation of mitochondrial metabolism (21, 25) . Targeted expression of FoxC2 in adipocytes under the control of fatty acid binding protein 4 (FABP4/aP2) promoter converts epididymal WAT into BAT-like or beige fat and results in mice that are lean, insulin-sensitive, and resistant to diet-induced obesity (21, 26) . Consistent with the metabolic function, the levels of FOXC2, and mitochondria gene expression, which are decreased in adipocytes of type 2 diabetic patients, can be normalized in response to the antidiabetic therapy with the insulin sensitizer rosiglitazone (27) .
In the present study, we have analyzed the endocrine/ paracrine activity of beige fat toward regulation of bone mass using the FoxC2 AD ϩ/Tg murine model of induced BAT activity targeted by expression of FOXC2 in fat cells. We have demonstrated, for the first time, that beige fat produces factors that may be secreted to circulation or act directly in the bone marrow environment and induce osteoblast differentiation and osteocyte support for bone formation and bone turnover. Two of these factors, insulin-like growth factor binding protein 2 (IGFBP2) and wingless related MMTV integration site 10b (WNT10b), are of special interest because they function in the regulation of both bone remodeling and energy metabolism. Their potential contribution to the anabolic effect of beige fat on bone is presented in this manuscript.
Materials and Methods

Plasmids
The expression construct for human FOXC2 was prepared at the University of Gothenburg, and the Igfbp2 construct was purchased from OriGene Technologies, Inc (Rockville, Maryland), whereas the Wnt10b expression construct was based on cDNA obtained from Addgene (Cambridge, Massachusetts). All constructs were prepared in pcDNA3.1 vector (Invitrogen, Grand Island, New York).
Protein analysis
Animals
FoxC2 AD ϩ/Tg mice were described previously (21) . The colony of FoxC2 AD ϩ/Tg and wild-type (WT) (FoxC2 AD ϩ/ϩ ) mice were maintained at the University of Toledo Health Science Campus. The animal treatment and care protocols conformed to NIH Guidelines and were performed using a University of Toledo Health Science Campus Institutional Animal Care and Utilization Committee protocol. Fat and lean mass were evaluated using a minispec mq10 NMR analyzer (Bruker, Billerica, Massachusetts). Food consumption was determined by monitoring food intake of 4-month-old animals during a 1week period. For glucose (ip glucose tolerance test [IGTT] ) and insulin (ip insulin tolerance test [IITT]) tolerance tests either 2 g/kg glucose or 0.75 U/kg insulin were injected ip after 4 hours fasting. Blood glucose was measured using the murine-specific AlphaTRAK system (Abbott Laboratories, North Chicago, Illinois). Random levels of serum insulin were measured at the University of Michigan Diabetes Research Center Core Facility (Ann Arbor, Michigan), whereas serum levels for IGF-1 and IGFBP2 were measured by both Arkansas Childrens' Hospital Research Institute (Little Rock, Arkansas) and by MECORE Laboratory (Bangor, Maine), and adiponectin by Maine Research Institute (Scarborough, Maine). Serum levels of bone-specific alkaline phosphatase (BALP) were measured using the alkaline phosphatase (ALP) diagnostic kit (Sigma-Aldrich) as described (28) , and tartrateresistant acid phosphatase form 5b (TRAP5b) using an ELISA provided by Immunodiagnostic Systems Inc (Scottsdale, Arizona).
Bone analysis
Microcomputed tomography (mCT) of the tibiae and L4 vertebrae was performed using the CT-35 system (Scanco Medical AG, Bassersdorf, Switzerland) as previously described (29) . The analysis of bone microstructure conformed to recommended guidelines (30) .
To permit static and dynamic bone histomorphometry, 4-month-old animals were injected with 30 mg/kg tetracycline 7 and 2 days before they were killed, and undecalcified tibiae were embedded in methyl methacrylate, sectioned, and stained with either Goldner's trichrome or Von Kossa/McNeal by the Histology Core at the Department of Anatomy and Cell Biology, Indiana University (Indianapolis, Indiana). The histomorphometric examination was confined to the secondary spongiosa of proximal tibia and was performed using the Nikon NIS-Elements BR3.1 system. The measurements were collected under ϫ40 magnification from 6 representative fields per bone sample. The terminology and units used were those recommended by the Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral Research (31) .
Extraction of osteoblast-and osteocyte-enriched fractions
Cell fractions enriched in either osteoblasts or osteocytes were isolated by sequential collagenase digestion of femora bone, according to previously described protocol (32) .
Cell culture experiments
Murine marrow-derived cell lines representing adipocytic (AD2 cells) and osteoblastic (U-33 cells) phenotypes have been previously described (33) . The MLO-A5 cell line representing osteocytes was a kind gift of Dr. Bonewald (University of Missouri, Kansas City, Missouri). Primary bone marrow cultures were established from femur marrow aspirates and differentiated as described (34) . The osteoclastogenesis assay was carried using primary bone marrow nonadherant cells as a source of osteoclast progenitors and either U-33/␥2 cells or adherent bone marrow cells as supporting osteoclast recruitment and differentiation (28) . After 8 days of growth in the presence of 10 Ϫ8 M 1,25-hydroxyvitamin D 3 , osteoclasts were stained with the leukocyte acid phosphatase (TRAP ϩ ) kit (Sigma).
ALP activity in cell culture
ALP enzyme activity was measured as described (28) after normalization to cell number assessed by the Cell Titer 96 AQ ueous nonradioactive cell proliferation assay kit (Promega, Madison, Wisconsin).
Collection and testing activity of conditioned media
Conditioned media (CM) were collected either from AD2 cells transiently transfected with FoxC2, Igfbp2, or Wnt10b expression constructs or from the organ culture of epididymal fat after 3 days incubation with the media. For depletion studies, CM was incubated with 1 g/ml anti-WNT10b or anti-IGFBP2 or nonspecific goat IgG for 2 hours at 4°C followed by 2 hours incubation with Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology).
Statistical analysis
Statistical analysis of cell culture experiments was conducted with 2-tailed Student's t test, whereas animal experiments were analyzed with SPSS Statistics version 17.0 software using 1-way ANOVA and post hoc Tukey's test. All data shown represent means and SD. A P value Ͻ .05 was considered significant.
Results
FoxC2 AD
؉/Tg animals are lean and insulin-sensitive
The murine model of FOXC2 transcriptional regulator ectopically expressed in adipocytes under the control of Fabp4/aP2 promoter/enhancer has been described previously (21) . For the studies presented here, the phenotype of FoxC2 AD ϩ/Tg mice has been analyzed again with regard to the metabolic parameters, growth pattern, and gender differences (Figure 1 ). At 1 month of age, mice with FoxC2 AD ϩ/Tg genotype, both males ( Figure 1 ) and females (not shown), have lower body weight than WT controls, and this difference increases with age progression ( Figure  1A ). Although smaller, the FoxC2 AD ϩ/Tg mice consume more food ( Figure 1B ). Along with higher caloric intake, these mice accrue up to 15% more lean mass than WT control over a 4-month growing period ( Figure 1C ). The mice are lean with nearly absent fat tissue as measured by nuclear magnetic resonance ( Figure 1D ). In WT controls, body composition changed with increasing age due to rel-ative decrease in lean ( Figure 1E ) and relative increase in fat ( Figure 1F ) mass. In contrast, the balance between lean and fat mass remains similar over the 4-month growth period of FoxC2 AD ϩ/Tg mice ( Figure 1 , E and F). This suggests that FoxC2 AD ϩ/Tg mice are protected from agerelated changes in body composition. The reduced fat mass in 4-month-old FoxC2 AD ϩ/Tg is primarily due to significant reduction in the mass of epididymal WAT ( Figure 1G) ; however, the mass of interscapular BAT is also reduced ( Figure 1H ), which differs from the original phenotype characterized by reduction in WAT but increase in BAT mass (21) . This might be due to the fact that mice used in the present study were bred for more than 30 generations from original mice, which resulted in a decrease of initially high copy number of the FoxC2 transgene. This is frequently seen in mice with a high copy number of a transgenic construct that tends to be arranged as unstable multimers in a head to tail fashion and leads to the loss of transgene copies with increasing number of generations. Despite increased food consumption ( Figure 1B ), FoxC2 AD ϩ/Tg mice maintained a level of serum glucose similar to WT mice ( Figure 1I ) paralleled with significantly reduced levels of insulin ( Figure 1J ); however, serum glucose levels after fasting were significantly reduced in Figure 2A ). Among tested markers, UCP1 and type II iodothyronine deiodinase (Dio2) showed the largest increase at 52-and 16-fold over age-matched WT controls, respectively, whereas the other markers of BAT including PR domain-containing protein 16 (Prdm16) and ␤3-adrenergic receptor (ADRB3) revealed modest, but consistent upregulation as compared with control mice. Interestingly, levels of leptin expression were similar in WAT of FoxC2 AD ϩ/Tg and WT mice.
To assess whether BAT phenotype may be induced in marrow adipocytes, FoxC2 was ectopically expressed in AD2 cells representing immortalized marrow cells committed to the adipocyte lineage (33) . Similar to its effect in WAT, FOXC2 induced the expression of BAT markers in marrow adipocytes. However, in contrast to WAT, FOXC2 increased the expression of leptin in AD2 cells ( Figure 2B ). Changes in BAT gene markers expression were proportional to the levels of FOXC2 expression in WAT and AD2 cells (Figure 2, A and B) . Because FOXC2 increases insulin sensitivity in adipocytes as reported previously (21), we have tested whether it has the same effect on marrow adipocytes. As shown in Figure 2C , ectopic expression of FoxC2 in AD2 cells resulted in an increased expression of insulin receptor substrate 1 (IRS1), a positive regulator, and a decreased expression of suppressor of cytokine signaling 3 (Socs3), a negative regulator of insulin signaling. Insulin sensitivity was measured as protein levels of phosphorylated AKT (pAKT) in response to insulin challenge. In AD2 cells, FOXC2 increased basal levels of pAKT up to 4-fold and up to 8-fold upon stimulation with insulin, as compared with the empty vector control ( Figure 2D ). These data indicate that FOXC2 induces BAT phenotype and increases insulin sensitivity in both WAT and bone marrow adipocytes. Table  2 ). The higher bone mass (bone volume/tissue volume) in proximal tibia was noticeable in 2-month-old animals and showed a sustained and progressive increase with animals' age. It was accompanied by an overall increase in the tissue volume of proximal tibia and increased trabecular bone volume (Supplemental Table 2 ). At 2 months of age, high bone mass in both males and females was associated with the high number of trabeculae, high connectivity, and decreased separation between trabeculae. The phenotype of high bone mass not only persisted but was even more pronounced with aging, although it was accompanied by different structural changes in males and females. Although high bone mass in 5-month-old males was still due to more numerous trabeculae, a high bone mass in 5-month-old females was due to much thicker trabeculae ( Figure 3 , C and D, and Supplemental Table 2 ). Female, but not male, bone had larger endosteal area, which correlated with increased strength to resist torsion and bending as measured by polar moment of inertia (Supplemental Table 3 ). High bone mass in long bones of FoxC2 AD ϩ/Tg males and females was restricted to the trabecular bone, because no differences were observed in either cortical thickness (Supplemental Table 2 ) or bone length (not shown) of tibia and femur between WT and FoxC2 AD ϩ/Tg mice.
In the axial skeleton, the vertebral body was larger in size in FoxC2 AD ϩ/Tg mice than in WT animals and possessed increased trabecular bone mass due to a high number of trabeculae ( Figure 3B and Supplemental Table 2 ). This feature was observed in both 2-and 5-month-old males and females. Interestingly, the increase in bone mass with age was rather due to an increase in the volumetric size of vertebra but not due to change in the density and thickness of trabeculae. No gender differences were observed with respect to the higher bone mass and structural differences in vertebra of FoxC2 AD ϩ/Tg mice. The difference between bone acquisition in vertebra and tibia can be attributed to both a difference in the sympathetic nervous system control of bones with different embryological origin (35) and the increased periosteal activity in vertebra of FoxC2 AD ϩ/Tg mice, which may result from the increased sensitivity to the sympathetic nervous system-controlled ␤-adrenergic/cAMP/protein kinase A signaling (21) . Histomorphometric analysis of trabecular bone in the proximal tibia confirmed mCT measurements of high bone mass ( Figure 4A ). The 3-fold increase in trabecular area (trabecular area/tissue area) in FoxC2 AD ϩ/Tg mice was associated with increased bone remodeling due to increased activity of its cellular components, osteoblasts and osteoclasts. The osteoblast number (per bone surface) in tibia of FoxC2 AD ϩ/Tg mice was 3.6-fold higher, and the trabecular surface occupied by active osteoblasts (osteoid surface/bone surface) was almost 3 times larger than in WT animals (22.6% vs 61.9%). At the same time, osteoclast number (per bone surface) was also elevated by 3-fold, indicating increased bone turnover in FoxC2 AD ϩ/Tg mice. Consistent with a high number of osteoblasts, the mineral apposition rate was increased by 2-fold and the bone formation rate (BFR) was increased by 3-fold in FoxC2 AD ϩ/Tg mice as assessed by dynamic histomorphometry of tetracycline-labeled bone ( Figure 4 , A and B). In addition, tetracycline labeling of newly deposited bone was relatively strong ( Figure 4B ) and extended to 64% of the trabecular surface in FoxC2 AD ϩ/Tg mice as compared with 30% in WT animals. Increased BFR corresponded to a 3-fold increase in the thickness of new osteoid ( Figure 4C ) and to the presence of activated cuboidal osteoblasts along the surface of trabeculae ( Figure 4D ). The number of adipocytes in proximal tibia of FoxC2 AD ϩ/Tg mice was elevated, whereas their average size was significantly smaller as compared with WT adipocytes (Supplemental Figure 1) . Most importantly and in contrast to WT animals, UCP1 protein was present in the marrow of FoxC2 AD ϩ/Tg mice ( Figure 4E ). In conclusion, the bone phenotype of FoxC2 AD ϩ/Tg mice is associated with both high bone turnover, increased bone apposition, and expression of BAT marker UCP1 protein.
In support of increased bone turnover, levels of both BALP and TRAP5b were significantly elevated in sera of FoxC2 AD ϩ/Tg mice (Table 1) . No gender differences were noticed in measured parameters.
To confirm that osteoblasts in the bone of FoxC2 AD ϩ/Tg mice are highly activated, we analyzed their phenotype in vivo in the fraction of cells associated with endosteal bone surface. As shown in Figure 4F , the FoxC2 AD ϩ/Tg -derived osteoblasts had higher expression of cyclin D1, a marker of cell proliferation, and increased expression of distal-less homeobox 5, osteocalcin, and collagen, markers of osteoblast differentiation and maturation. This profile is consistent with the observed high number and activity of differentiated osteoblasts in FoxC2 AD ϩ/Tg mice ( Figure 4A ).
To determine whether the increase in the number of osteoblasts was due to intrinsic changes that would affect lineage commitment of the marrow mesenchymal stem cells (MSCs), the number of MSCs with a potential to form colonies and differentiate toward either osteoblast or adipocyte lineage was analyzed ex vivo using a colony-forming unit assay (33) . As shown in Figure 4G , the number of MSCs with the ability to form fibroblast-like colonies and the number of colonies with potential to differentiate toward either osteoblasts or adipocytes were not different between FoxC2 AD ϩ/Tg and WT animals. Next, we analyzed the phenotype of FoxC2 AD ϩ/Tg osteoblast in ex vivo conditions. The mRNA expression levels of cyclin D1, distal-less homeobox 5 (Dlx5), osteocalcin, and collagen were not different in FoxC2 AD ϩ/Tg marrow MSCs as compared with WT cells ( Figure 4H ). These data excluded the possibility that the high number and increased activity of osteoblast in mice ectopically expressing FoxC2 in fat are due to intrinsic cellular changes at the level of MSC lineage commitment. Similarly, the number of osteoclast progenitors and their differentiation did not differ between WT and FoxC2 AD ϩ/Tg animals as assessed in a coculture experiment of nonadherent bone marrow cells with either U-33/␥2 cells ( Figure 4I ) or adherent bone marrow cells derived from either WT and FoxC2 AD ϩ/Tg mice ( Figure 4J ).
The rate of bone turnover is regulated by osteocytes, which produce 2 essential proteins, sclerostin and RANKL, for regulation of osteoblast and osteoclast functions, respectively. Because bone turnover is increased in FoxC2 AD ϩ/Tg mice, we compared the in vivo activity of FoxC2 AD ϩ/Tg with WT osteocytes. The enrichment of osteocytes isolates was assessed by the level of expression of Dmp1 and Sost gene markers ( Figure 5A ). As shown, the expression of Dmp1 and Sost in the osteocyte fraction was 2 to 3 orders of magnitude higher than the expression of these markers in osteoblast fraction, indicating relative homogeneity of analyzed cells ( Figure 5A ). When compared with osteocytes derived from WT animals, the iso- lates from bones of FoxC2 AD ϩ/Tg mice showed reduced expression of SOST by 2-fold and increased expression of RANKL by 3-fold ( Figure 5B ). Although SOST and RANKL expression were different, the expression of the Dmp1 marker of osteocyte maturation did not differ between FoxC2 AD ϩ/Tg and WT mice, indicating that osteocyte function, but not differentiation, is altered in FoxC2 AD ϩ/Tg mice ( Figure 5B ). Based on recent reports that osteoclast differentiation and function in bone remodeling is controlled by osteocytes rather than osteoblasts (36), we compared the levels of RANKL expression in the osteocyte and osteoblast fractions. As shown in Figure 5C , RANKL expression was almost 40-fold higher in the osteocyte fraction as compared with the osteoblast fraction in WT animals and over 120-fold higher in osteocytes of FoxC2 AD ϩ/Tg mice ( Figure 5C ). On that note, a similar difference in the RANKL expression as shown between WT osteocyte and osteoblast fraction has been recently reported (37) . Next, we analyzed the levels of expression of osteoprotegerin (OPG), the RANKL decoy receptor and a negative regulator of osteoclastogenesis. Interestingly, OPG was expressed at similar levels as RANKL in osteoblasts derived from either WT or FoxC2 AD ϩ/Tg ( Figure 5D ), resulting in a RANKL to OPG ratio close to 1 ( Figure 5E ). In contrast, primary osteocytes expressed negligible levels of OPG, leading to a very high RANKL to OPG ratio ( Figure 5 , D and E). These results argue for a major role of osteocytes in regulation of bone remodeling and indicate that increased bone turnover in FoxC2 AD ϩ/Tg mice results from osteocyte support for osteoblast and osteoclast function. The decreased expression of sclerostin, a negative regulator of osteoblast differentiation, and the increased expression of RANKL, a positive regulator of osteoclast differentiation, were consistent with increased osteoblast number and increased osteoclast number shown in Figure  4A and indicate that FoxC2 AD ϩ/Tg mice have increased bone remodeling due to altered activity of osteocytes. In conclusion, osteoblast and osteocyte activity is altered in FoxC2 AD ϩ/Tg mice, but this alteration results rather from systemic cues as opposed to intrinsic changes in the MSC or hematopoietic stem cells potential to differentiate toward either osteoblasts or osteoclasts, respectively.
Beige fat secretes factors that activate osteoblasts and modulate Sost expression in osteocytes
Because ectopic expression of FoxC2 in fat of the FoxC2 AD ϩ/Tg mice positively correlates with increased bone mass and increased in vivo bone-anabolic activity of osteoblasts and osteocytes, we tested the possibility that beige adipocytes release factors that regulate these activities. CM collected from AD2 adipocytes ectopically expressing FoxC2 (donor cells) and transferred to the cultures of the preosteoblastic U-33 cells (recipient cells) induced ALP activity ( Figure 6A ) and the expression of osteoblast-specific gene markers in the recipient cells (Figure 6B ). This profile of expression was remarkably similar to the expression profile of osteoblasts isolated from the bone of FoxC2 AD ϩ/Tg mice ( Figure 4F ). Moreover, CM from FOXC2-expressing donor cells decreased the expression of suppressor of cytokine signaling 3 and increased the expression of insulin receptor substrate 1, indicating increased insulin sensitivity of recipient cells ( Figure 6B) . Consistently, the basal levels of both ␤-catenin and pAKT, two major cellular mediators of pro-osteoblastic and insulin signaling activity was increased in recipient osteoblastic cells ( Figure 6C ). The same CM from FOXC2-expressing adipocytes decreased expression of SOST in the osteocytic MLO-A5 cells; however, the expression of RANKL and DMP1 were not affected in the recipient cells ( Figure 6D ). A similar effect was observed when CM was collected from an organ culture of epididymal fat isolated from FoxC2 AD ϩ/Tg animals. Indeed, CM from beige fat decreased expression of SOST in the recipient osteocytic cells without effecting the expression of RANKL and DMP1 ( Figure 6D ). This suggests that, in contrast to sclerostin, elevated expression of RANKL in primary osteocytes of FoxC2 AD ϩ/Tg mice is not a result of a direct effect of factors secreted from beige fat but instead an indirect systemic effect. Another possibility is that the beige fat-induced mechanism leading to increased RANKL expression is not active in MLO-A5 cells. Taken together, cells that acquire the beige fat phenotype due to ectopic expression of FoxC2 secrete factors that increase bone-forming activity either by directly activating osteoblast bone-forming capabilities or through increased support of osteocytes for osteoblasts as a result of decreased production of sclerostin.
Beige fat endocrine/paracrine activity comprises bone-anabolic factors including IGFBP2 and WNT10b
To characterize factors secreted by beige adipocytes, which may regulate osteoblast and osteocyte activity either in an endocrine or in a paracrine manner, we profiled fat tissue of FoxC2 AD ϩ/Tg mice and marrow adipocytes ectopically expressing FoxC2 for the expression of factors recognized for their bone-anabolic activity. If applicable, we determined the protein levels of these factors in the serum. Adiponectin, IGF-1, and IGFBP2 were selected as candidates for endocrine activity of fat to regulate bone mass, whereas activators of pro-osteoblastic WNT and bone morphogenic protein (BMP) signaling, and angiogenic factor angiopoietin 2, were selected as potential can-didates for paracrine activity of bone marrow fat. As shown in Figure 7A , mice with inducible BAT activity have increased expression of adiponectin in fat and increased levels of adiponectin protein in circulation. Moreover, FOXC2 induced expression of adiponectin in AD2 cells, indicating that adiponectin levels can be also elevated in marrow of FoxC2 AD ϩ/Tg mice. Interestingly, the expression of IGF-1 in beige fat and AD2 cells ectopically expressing FoxC2 was significantly increased, although it was not reflected in the levels of circulating IGF-1, which were lower in FoxC2 AD ϩ/Tg as compared with WT animals ( Figure 7B ). The increased adiponectin and decreased IGF-1 levels in circulation may reflect an overall increase in insulin sensitivity of FoxC2 AD ϩ/Tg mice. Both inducible BAT and AD2 cells expressing FoxC2 showed large increases in the expression BMP4 ( Figure 7C ) and angiopoietin 2 ( Figure 7D ). These factors, if expressed locally in bone, may create an environment supporting osteoblast differentiation (BMP4) and nutrient availability (angiopoietin 2). Because we have shown that activation of the osteoblastic phenotype by beige fat-derived CM increases pAKT levels in recipient cells ( Figure 6C ), we analyzed whether the transcript levels for IGFBP2 and WNT10b, 2 proteins whose activity is mediated by pAKT, are also elevated. As shown in Figure 7E , the expression of Igfbp2 transcript is 10-fold higher in epididymal fat of FoxC2 AD ϩ/Tg mice as compared with WT animals. This correlates with increased levels of circulating IGFBP2 protein. The expression of IGFBP2 is also increased in marrow adipocytes transfected with FoxC2, indicating that the marrow levels of IGFBP2 can be higher in FoxC2 AD ϩ/Tg mice. Similarly, the levels of Wnt10b transcripts are higher both in fat of FoxC2 AD ϩ/Tg mice and in transfected AD2 cells ( Figure 7F ). Immunodepletion of either IGFBP2 or WNT10b from CM derived from beige adipocytes resulted in the loss of pro-osteoblastic activity ( Figure 6G ) and failure to increase pAKT and ␤-catenin levels in recipient cells ( Figure 7H ). The pro-osteoblastic effect measured by ALP activity was restored upon exposing U-33 cells to CM collected from cells overexpressing either Igfbp2 or Wnt10b ( Figure 7I ).
Discussion
In the current study, we demonstrated that adipocytes with an induced BAT-like phenotype release factors that [41] , and adiponectin [42] ) or through indirect action by regulating angiogenesis (angiopoietin 2 [43] ). We focused our analysis on 2 factors, IGFBP2 and WNT10b, as the best candidates for common regulators of energy metabolism and bone turnover. IGFBP2, which belongs to the family of IGF binding proteins, is synthesized and secreted by many tissues including several adipose depots. Its metabolic activity, independent of IGF-1, includes regulation of adipocyte differentiation and insulin sensitivity. Transgenic overexpression of IGFBP2 protects from diet-induced obesity and insulin resistance (44) and reverses diabetes in mice (45) . In humans, serum levels of IGFBP2 are lower with aging, obesity, and type 2 diabetes (46, 47) . IGFBP2 stimulates bone remodeling by enhancing osteoblast differentiation and osteoclastogenesis (39, 48) . Similarly, WNT10b functions in both regulation of energy metabolism and regulation of bone homeostasis. Targeted expression of Wnt10b in adipose tissue renders diabetic animals lean and insulin-sensitive (49) and increases trabecular bone mass (50) . In marrow MSCs, WNT10b supports osteoblast differentiation and inhibits adipogenesis (38) .
A comparison of the FoxC2 AD ϩ/Tg mice phenotype with phenotypes of mice either ectopically expressing Wnt10b in fat (49, 50) or null in the expression of IGFBP2 (51) supports the major role of these two factors in conveying beige fat metabolic and bone-anabolic activity. Indeed, ectopic expression of WNT10b in fat cells under the Fabp4/aP2 promoter renders a phenocopy of FoxC2 AD ϩ/Tg animals including insulin sensitivity, protection from obesity, and high bone mass (49, 50) , whereas a lack of IGFBP2 has an opposite effect and leads to obesity, insulin resistance, and low bone mass due to reduced skeletal remodeling (51) . Our results support the endocrine/paracrine activity of IGFBP2 and WNT10b on bone. We have demonstrated that both IGFBP2 and WNT10b, either secreted from beige fat or from FOXC2-expressing marrow adipocytes, have stimulatory effect on the osteoblastic phenotype. Because the glycoprotein WNT10b acts rather locally in a paracrine fashion, whereas IGFBP2 is released into the circulation from liver and adipose tissue, we suggest that peripheral inducible BAT exerts its endocrine anabolic activity on bone through IGFBP2, whereas the supportive role for osteoblastogenesis of beige marrow adipocytes includes local production of both IGFBP2 and WNT10b.
This study shows a direct link between energy metabolism and bone turnover and implicates that these two processes share similar regulatory mechanisms, especially insulin signaling. AKT kinase is activated by both insulin and IGFBP2 (39) . Activation of AKT stabilizes ␤-catenin by inhibiting activity of glycogen synthase kinase 3 beta, which allows canonical WNT signaling to be activated (52) . We have shown that factors secreted from beige adipocytes, including IGFBP2 and WNT10b, simultaneously activate AKT, increase levels of ␤-catenin, stimulate osteoblast differentiation, and increase insulin sensitivity in recipient osteoblasts. Because both WNT10b and IGFBP2 have the same effect on pAKT and ␤-catenin, and the absence of one protein cannot be substituted by the other in its pro-osteoblastic effect, it implies that both IGFBP2 and WNT10b signal through the same mechanism. It is also possible that besides their direct anabolic effect on bone cells, factors secreted from beige fat may sensitize osteoblasts and osteocytes to insulin and enhance their response to the anabolic effects of IGFBP2 and WNT10b.
These studies also indicate a new role of FOXC2 transcription factor in the regulation of IGFBP2 and WNT10b expression. Although we do not know at this point whether FoxC2 regulates the expression of these factors directly or indirectly, its role in the regulation of both metabolic activity of adipocytes and secreted bone-anabolic activity, suggests that FoxC2 plays a modulatory role in facilitating a dialog between fat and bone.
Another novel aspect of these studies is the demonstration that beige fat regulates osteocyte support for bone remodeling, which regulates skeletal homeostasis by removal of old or damaged bone and replacing it with new bone that is biomechanically strong. Osteocytes, which are residing in the mineralized compartment of bone tissue, orchestrate osteoblast bone-forming and osteoclast bone-resorbing activity by releasing factors including sclerostin and RANKL, respectively. Sclerostin, the product of the Sost gene, acts as a negative regulator of bone formation by inhibiting WNT signaling in osteoblasts (52) . Osteocytes are also a major source in the bone of RANKL, the cytokine essential for their development (36) . Our finding that endocrine activity of beige fat targets osteocytic expression of sclerostin and RANKL, the two most important proteins for regulation of bone remodeling, implicates that this type of fat is a powerful regulator of bone mass.
We have also addressed the question of whether BMAT can acquire beige fat activity. Isolation of intact marrow adipocytes from mice is extremely difficult due to the dis-persion of these cells throughout the marrow and their fragility after extraction. Therefore, we used in our studies a substitute for marrow adipocytes, an immortalized AD2 cell line. We compared the activity of AD2 cells and WAT acquired upon FoxC2 ectopic expression and found that both types of adipocytes respond identically with respect to increased insulin sensitivity and production of boneanabolic activity. This allows us to postulate that marrow fat plays a similar function locally in bone as peripheral beige fat by releasing paracrine factors that regulate osteoblast and osteocyte activity.
In conclusion, the finding of activity anabolic for bone of beige fat together with its beneficial role in regulation of energy balance suggest targeting this type of adipocyte to simultaneously treat metabolic and bone diseases.
